DOI: 10.1002/adhm.201700202
regeneration. [1, 2] Unfortunately, no functional benefit was observed following these treatments, likely due to poor donor cell engraftment resulting from rapid death, limited migration, and immune rejection of the injected cells. [2] [3] [4] To address limitations highlighted by these early clinical trials, many subsequent studies have focused on optimizing therapeutic cell populations and transplantation strategies. For example, pretreatment regimens involving irradiation-induced injury have been developed to enhance donor cell engraftment in murine models of muscular dystrophy. [5] More generally, as culturing satellite cells on tissue culture plastic results in cell populations with greatly reduced regenerative capacity, new minimal isolation and sorting procedures have been developed. [6, 7] Freshly isolated, minimally manipulated myogenic precursors [8] [9] [10] and satellite cells transplanted with their parent myofiber [11] [12] [13] have been shown to efficiently engraft and contribute to muscle repair in mouse models, suggesting that cell transplantation remains a promising strategy for the clinical treatment of traumatic skeletal muscle injury.
Biomaterial systems that provide cell-instructive cues and a protective microenvironment have shown great promise as controlled cell delivery vehicles that can promote in vivo regeneration by enhancing transplanted cell survival and engraftment. [14] [15] [16] [17] [18] Myoblast death following bolus injection into injured muscle results in part from a lack of available extracellular matrix contacts. Material systems that incorporate adhesive cues prevent anoikis of anchorage-dependent cells by allowing them to recognize and interact with their environment. [19] Polymeric biomaterials functionalized with cell adhesion ligands such as Arg-Gly-Asp (RGD), the cell binding domain of fibronectin, have also been shown to regulate myoblast proliferation and differentiation. [20] [21] [22] In addition, immediate exposure of intramuscularly injected cells to the harsh wound environment likely plays a role in their rapid death and poor long-term viability. [4, 23] Material systems can be designed to provide temporary protection from postinjury inflammation while allowing interactions with host cells when necessary. Due to their ability to improve the survival, engraftment, and fate control of delivered cells, material-based cell transplantation approaches will likely be of great clinical utility for muscle repair.
Cell transplantation is a promising therapeutic strategy for the treatment of traumatic muscle injury in humans. Previous investigations have typically focused on the identification of potent cell and growth factor treatments and optimization of spatial control over delivery. However, the optimal time point for cell transplantation remains unclear. Here, this study reports how myoblast and morphogen delivery timed to coincide with specific phases of the inflammatory response affects donor cell engraftment and the functional repair of severely injured muscle. Delivery of a biomaterial-based therapy timed with the peak of injury-induced inflammation leads to potent early and long-term regenerative benefits. Diminished inflammation and fibrosis, enhanced angiogenesis, and increased cell engraftment are seen during the acute stage following optimally timed treatment. Over the long term, treatment during peak inflammation leads to enhanced functional regeneration, as indicated by reduced chronic inflammation and fibrosis along with increased tissue perfusion and muscle contractile force. Treatments initiated immediately after injury or after inflammation had largely resolved provided more limited benefits. These results demonstrate the importance of appropriately timing the delivery of biologic therapy in the context of muscle regeneration. Biomaterial-based timed delivery can likely be applied to other tissues and is of potential wide utility in regenerative medicine.
Introduction
Early clinical trials in myoblast transplantation demonstrated the safety of intramuscular cell injections and the ability of transplanted myoblasts to participate in muscle www.advancedsciencenews.com www.advhealthmat.de
Further improvements in biomaterial-based cell therapy strategies may result from the appropriate timing of cell delivery with respect to specific phases of the innate inflammatory response following injury. Macrophages, for example, are known to play key roles in muscle regeneration and interact with satellite cells in dual and beneficial ways. [24] [25] [26] The early influx of proinflammatory (M1) macrophages generally coincides with satellite cell recruitment and activation in vivo. M1 macrophages and their secreted factors have been shown to enhance the proliferation and motility of myogenic progenitors, as well as inhibit myogenic differentiation and cell fusion in vitro. [27] [28] [29] [30] [31] In contrast, a later rise in the anti-inflammatory (M2) macrophage population generally coincides with satellite cell differentiation and termination of inflammation. M2 macrophages and their secreted factors have been shown to promote myogenic differentiation and mature myotube formation in vitro. [27] [28] [29] Interestingly, improved myoblast engraftment has been observed following coinjection of myogenic progenitors with anti-inflammatory macrophages in an mdx mouse model [32] and with proinflammatory macrophages in a cryoinjury model, with the latter leading to increased donor cell proliferation following injection. [31] These findings suggest that biomaterial-based cell therapy strategies temporally controlled to coincide with specific phases of the inflammatory response following acute injury may lead to improved outcomes.
Here we study how myoblast and morphogen delivery timed to coincide with specific phases of muscle injury-induced inflammation affects regeneration. Time frames representing various phases of the inflammatory response were established in a murine model of severe muscle injury that does not spontaneously heal, unlike other commonly used injury models. [33] Myogenic cells and growth factors previously shown to support engraftment [18] were then delivered to injured muscles from ferrogel scaffolds before, during, and after peak inflammation. Magnetically responsive ferrogels, capable of on-demand release of cells and growth factors, [34, 35] were utilized here to enhance cell survival and allow externally triggered release during distinct phases of the injury response. We hypothesized that avoiding the early inflammatory stage would enhance donor cell engraftment and the regeneration of severely injured skeletal muscle.
Results

Inflammation Kinetics and Experimental Design
The inflammation kinetics of the tibialis anterior muscles of C57BL6/J mice subjected to a severe muscle injury were first analyzed. Tibialis anterior muscles were injected intramuscularly with notexin, and hindlimb ischemia was induced 6 d later upon resolution of notexin-induced inflammation ( Figure S1A -D, Supporting Information). Following combined injury with notexin and ischemia, loss of locomotion of the injured hindlimb was observed. In vivo imaging indicated a peak in inflammation 7 d post injury that largely resolved by day 10 ( Figure 1A,C) . Similarly, quantification of the inflammatory infiltrate from hematoxylin and eosin (H&E) stained sections demonstrated a peak in inflammation 3-7 d postinjury and resolution by day 14 ( Figure 1B,D) . CCR7 + M1 macrophage presence peaked relatively early at 3 d, while CD206 + M2 macrophage presence peaked later at day 7 postinjury ( Figure S2A -D, Supporting Information). To assess the optimal time point for treatment with regard to inflammation following combined injury, muscles were treated 0, 6, or 10 d after ischemic surgery, corresponding to points before, during, and after peak inflammation, respectively ( Figure 1E ). At these inflammation-directed time points, tibialis anterior muscles were treated with a subcutaneously implanted biphasic ferrogel scaffold containing a previously optimized combination of myogenic cells and growth factors known to induce myogenesis (insulin-like growth factor-1, IGF-1) and angiogenesis (vascular endothelial growth factor, VEGF). [18] Minimal culture of freshly isolated muscle-derived precursors provided a population of primary myoblasts expressing muscle-specific markers shared with certain populations of satellite cells ( Figure S3A ,B, Supporting Information). External magnets were used to noninvasively actuate the ferrogels each day, for four consecutive days, to trigger the release of cells and factors from the ferrogels over this time frame. Muscles were then harvested for histological and functional assessment 4 d following the initiation of treatment and 6 weeks following induction of ischemia.
Impact of Timing of Therapy on Early Muscle Regeneration
The influence of timed cell and growth factor delivery on acute inflammation and fibrosis was determined through histological analysis 4 d after the start of each treatment time. Quantification of the inflammatory infiltrate revealed significant decreases, as compared to no treatment controls, with both immediate scaffold treatment starting at day 0 and delayed scaffold treatment starting at day 6 (Figure 2A,B) . In contrast, no significant difference in the number of infiltrating inflammatory cells was observed following delayed treatment starting at day 10. The extent of muscle fibrosis was assessed by visualizing picrosirius red stained collagen I and III under polarized light. Large quantities of fibrotic tissue were present in all conditions following muscle injury with notexin and induction of ischemia ( Figure 2C ,D). Delayed scaffold treatments, starting at day 6 and day 10, resulted in significant decreases in interstitial collagen when compared to no treatment controls. In contrast, treatment initiated immediately after injury on day 0 led to no significant difference in collagen deposition.
The effects of temporally controlled delivery of myogenic cells and morphogens on angiogenesis and muscle regeneration at 4 d after the start of each treatment time were also determined. At this early time point, statistically significant increases in average muscle capillary densities compared to no treatment controls, as measured by immunostaining for the endothelial cell marker CD31, were only observed for delayed treatments initiated at day 6 and day 10 postinjury (Figure 3A) . The persistence of the transplanted cells was measured by immunostaining for green fluorescent protein (GFP) and differed significantly between immediate and delayed treatment conditions. Following immediate scaffold treatment, abundant GFP + cells were found surrounding damaged myofibers, while few GFP + fibers were noted (Figure 3 B,C). In contrast, scaffold www.advancedsciencenews.com www.advhealthmat.de treatments starting at day 6 and day 10 resulted in abundant GFP + fibers with fewer single myoblasts ( Figure 3B ,C). Timed delivery of therapy was investigated further using cell injections timed with injury-induced inflammation. In general, results from injections mirrored those obtained with scaffoldbased cell delivery, but benefits were reduced and at times not statistically significant when compared to no treatment controls (Figures S4 and S5, Supporting Information). As a result, longterm studies were completed using the scaffold-based delivery system.
Impact of Timing of Therapy on Long-Term Muscle Regeneration
In order to determine the long-term impact of therapy timing on muscle regeneration, animals were analyzed 6 weeks postinjury. Similar to results of the analysis 4 d post-treatment, quantification of the inflammatory infiltrate revealed significantly reduced inflammation in muscles treated with scaffolds starting at day 0 and day 6, when compared to no-treatment controls and scaffold treatment starting at day 10 ( Figure 4A,C) . In addition, muscle fibrosis was significantly reduced following scaffold treatment starting at day 6, as compared to no treatment or other treatment times ( Figure 4B,D) . Differences in tissue perfusion were also observed, as treatments starting at day 0 and day 6 led to significantly greater recovery following ischemic injury than achieved with no treatment or scaffold treatment at day 10 ( Figure 4E ). Strikingly, scaffold treatment starting at day 6 during peak inflammation resulted in a significantly enhanced muscle contractile force (2800 µN mg −1 ) when compared to conditions involving no treatment, immediate treatment starting at day 0, and scaffold treatment starting at day 10 ( Figure 4F ).
Discussion
This study investigates the timing of cell therapy with respect to specific phases of injury-induced inflammation and its effect on muscle regeneration using a scaffold-based delivery system. In order to identify time points for introduction of cell therapy before, during, and after peak inflammation, the kinetics of inflammation arising from the combined muscle injury model used in this study were determined. Following the subsidence of notexin-induced inflammation, induction of ischemia led to a wave of inflammation that peaked over the following 3-7 d. Previous reports have demonstrated similar results with severe tissue hypoxia and hypoxia-induced inflammation following femoral artery ligation. [37] Specifically, dramatic increases in intramuscular immune cell presence from day 2 to day 9 [38] and in blood vessel permeability in hypoxic tissues from day 1 to day 7 were observed following the procedure. [39] These results are consistent with the kinetics of inflammation reported in Regions of interest used for quantification are marked with blue ovals. Ratios of dye accumulation in injured hindlimbs to uninjured contralateral hindlimbs were calculated to account for variability associated with dye leakage from and around the sinus following retro-orbital injections. [36] Footpads of injured hindlimbs were not used for quantification due to minimal blood flow and dye accumulation downstream of ischemic injuries. www.advancedsciencenews.com www.advhealthmat.de this study and used to generate time points for introduction of therapy. In order to allow externally triggered release during distinct phases of the injury response, a ferrogel system capable of on-demand release of cells and growth factors was used. [34, 35] Although it is expected that a majority of cells were released during ferrogel stimulation based on previous reports, it is possible that migration of nonexpelled cells to the injury site occurred randomly or in response to cytokine release by the injured muscle or invading inflammatory cells. During the acute phase of regeneration, delivery of therapy initiated at the peak of the inflammatory response proved most beneficial, as evidenced by a combination of increased acute engraftment of transplanted cells, reduced inflammation and fibrosis, and enhanced angiogenesis. Treatment initiated immediately after injury (day 0 initiation) or after inflammation had subsided (day 10 initiation) provided benefit, but not as broadly. Delaying scaffold treatment until the peak of inflammation (day 6 initiation) likely diminished donor cell contact with invading neutrophils and the highly inflammatory microenvironment present early in muscle repair. It is widely known that neutrophils induce muscle membrane damage through the release of myeloperoxidase and target tissue debris for phagocytosis through the production of free radicals. [40] These substances are deleterious to the health of donor cells and likely reduce the regenerative benefit of cells delivered immediately upon injury. In addition to avoiding early neutrophil infiltration, scaffold treatment timed to peak inflammation may have allowed donor cells maximal contact with specific populations of invading macrophages known to enhance the regenerative capacity of myogenic cells. [31] Cell delivery initiated at day 6 overlaps with peak M2 macrophage presence, and their secretion of anti-inflammatory cytokines has been shown to dramatically enhance satellite cell differentiation. [27] [28] [29] M1 macrophages which have been shown to secrete proinflammatory cytokines that enhance satellite cell proliferation and motility also remain present at this time, but at a greatly reduced level when compared to peak presence at day 3. [27] [28] [29] [30] In this study, the most potent and preferable regenerative response correlated most strongly with M2 macrophage presence. In contrast, delaying scaffold treatment to day 10 diminishes cell therapy overlap with M1 macrophages and decreases overlap with M2 macrophages, potentially leading to minimal donor cell interactions with these inflammatory cell types. Cells transplanted at this time may successfully engraft and www.advancedsciencenews.com www.advhealthmat.de contribute to myofiber formation but perhaps without significant proliferation. Furthermore, scaffold delivery initiated at the peak of inflammation demonstrates a striking combination of reduced inflammation and fibrosis with enhanced angiogenesis, possibly resulting from timing of growth factor delivery consistent with the kinetics of endogenous growth factor expression following muscle injury. It has been previously reported that IGF-1 expression is transiently induced during regeneration following hindlimb ischemia with substantial induction from day 3 to day 7. [41] Interestingly, the expression of supplemental IGF-1 in transgenic mice has been previously shown to accelerate muscle regeneration by modulating the inflammatory response and reducing fibrosis, consistent with results obtained following treatment initiation at day 6 in this study. [42] Similarly, previous work detailing the kinetics of VEGF shows significant protein detection following induction of ischemia in activated satellite cells at 3 d and in regenerating fibers at 7 d, with a significant reduction by day 14, suggesting that angiogenic benefits exhibited following delayed therapy delivery may be associated with appropriately timed VEGF delivery. [43] Overall, these results demonstrate the importance of temporally controlled delivery on the acute effects of delivered cells and growth factors.
Over the long term, treatment delayed to coincide with the peak of inflammation substantially enhanced muscle regeneration, as indicated by all metrics analyzed. In addition to reduced inflammation and fibrosis, enhancements in the functional metrics of muscle contractile force and tissue perfusion were observed. Treatment initiated immediately after injury provided some benefit, although reduced, while treatment delayed until 10 d had no long-term impact on muscle regeneration. Surprisingly, relatively few studies have investigated the optimal time point for cell transplantation by either injection or scaffold delivery to acutely injured muscle or other tissues. Despite infrequent investigations, the results from this study are consistent with past reports that concluded treatment initiated at an intermediate time point between early-and latestage inflammation provides the most potent regenerative benefit. For example, one study examined the impact at 4 weeks of timed delivery of muscle-derived stem cells (MDSCs) to www.advancedsciencenews.com www.advhealthmat.de contusion-injured muscle and found that MDSC transplantation during the acute inflammatory response (4 d postinjury) led to reduced fibrosis, enhanced angiogenesis, and greater functional recovery as compared to immediate (1 d postinjury) and late (7 d postinjury) delivery. [44] Similar results have also been obtained following inflammation-timed cell delivery in the cardiac and neural regeneration fields. Cardiomyocyte transplantation to cryoinjured cardiac tissue provided the most functional benefit following delivery via intracardial injection 2 weeks postinjury rather than immediately or 4 weeks postinjury. [45] The optimal time point of 2 weeks was identified as subsequent to early inflammation but prior to fibrous tissue formation and ventricular remodeling. In addition, the importance of timing of neural stem cell (NSC) delivery following peripheral nerve injury was examined in the context of preventing skeletal muscle atrophy. [46] Consistent with results reported here, the optimal time for NSC transplantation was found to be 1 week following nerve injury, as cells transplanted immediately after injury suffered massive death attributed to the hostile microenvironment associated with acute inflammation, and cells transplanted later did not efficiently engraft. In general, these results suggest that the suitability of the wound microenvironment for cell engraftment and tissue repair may be optimal between early inflammation and extensive fibrous tissue formation, regardless of cell type and tissue injury.
Conclusions
This study demonstrates the importance of temporal control over biologic delivery in the context of skeletal muscle regeneration. Delaying the delivery of therapy so that it coincided with the peak of injury-induced inflammation led to potent early and long-term regenerative benefits. In contrast, treatments initiated before the start of the acute inflammatory stage or after its decline had a more limited impact on muscle repair. Due to their ability to noninvasively trigger drug and cell release, [34, 35] ferrogels and other stimuli-responsive scaffolds are likely to be highly useful for future investigations and clinical studies exploring the importance of the timing of therapeutic strategies. Although optimal timing is likely to vary with cell type and injury, the concept of inflammation-timed delivery using biomaterial scaffolds is of potential wide utility for tissue engineering and regenerative medicine.
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Experimental Section
Materials: Medical grade, high-molecular-weight (≈250 kDa) sodium alginate with high guluronate content (Protanal LF 20/40) was purchased from FMC Biopolymers (Oslo, Norway). Alginates were used following covalent RGD modification and dialysis purification, as previously described. [47] All other chemicals including adipic acid dihydrazide, 1-ethyl-3-(dimethylaminopropyl) carbodiimide, 2-(N-Morpholino) ethanesulfonic acid (MES) hydrate, 1-hydroxybenzotriazole, and iron(II, III) oxide powder (<5 µm, 310069) were purchased from Sigma-Aldrich (St. Louis, MO).
Muscle Injury Model: All animal work was performed in compliance with National Institutes of Health and institutional guidelines. The 6-week-old female wild-type C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) were anesthetized with an intraperitoneal injection of ketamine (80 mg kg −1 ) and xylazine (5 mg kg −1 ). For myotoxin injuries, the tibialis anterior muscles of the right legs of anesthetized mice were injected with 10 µL of 10 µg mL −1 notexin Np myotoxin from Notechis scutatus snake venom (Latoxan) using a 25 µL Hamilton syringe. Notexin is a potent phospholipase A2 toxin known to cause complete myofiber breakdown and loss of muscle functional capacity. [48] Six days after notexin injection, hindlimb ischemia was induced by unilateral external iliac and femoral artery and vein ligation, as previously described. [49, 50] Inflammation Probe: Following notexin and ischemia injury, the kinetics of the inflammatory response were assessed using a near-IR probe (760536, Caliper Life Sciences) and an in vivo imaging system (IVIS Spectrum, Perkin Elmer, Waltham, MA). Briefly, mice were anesthetized and injected with the probe by retro-orbital injection. Periodically following injury, whole body images were acquired for a duration of 25 s using an excitation/emission of 745/800 nm and analyzed using Living Image software (Perkin Elmer). The extent of inflammation is related to the amount of dye accumulating at the ischemic site, which is increased due to the enhanced permeability of blood vessels in hypoxic tissues. [39, 51, 52] Values were expressed as the ratio of signals attained from the injured to the uninjured contralateral limb of the same animal. Inflammation probe results were then verified through histological assessment of the inflammatory infiltrate.
Primary Myoblast Isolation: Primary myoblasts were isolated from 6-week-old, female, transgenic mice with a C57BL/6J background (C57BL/6-Tg(ACTb-EGFP)1Osb/J, Jackson Laboratories, Bar Harbor, ME) constitutively expressing GFP in all cells. Cells were isolated from cardiotoxin (C9759, Sigma) preinjured hindlimbs 3 d postinjury rather than from resting muscle to maximize cell yield, as previously described. [53, 54] Briefly, tibialis anterior and gastrocnemius muscles were harvested, incubated in a collagenase solution (250 U mL −1 in Dulbecco's Modified Eagle Medium, DMEM), and triturated with a Pasteur pipet to disrupt muscle fibers. Following centrifugation at 300 × g, muscle fibers were incubated in a collagenase-dispase solution (250-10 U mL −1 in Ham's F-10 Nutrient Mix) and vortexed to release muscle-derived precursors. The cells were then filtered through a 40 µm filter, collected via centrifugation at 500 × g, and plated on collagencoated culture dishes (BioCoat Collagen I, BD Biosciences). Primary myoblasts were cultured for 3-4 d prior to collection for characterization and animal studies.
Ferrogel Scaffold Implantation and Stimulation: Biphasic ferrogel scaffolds (7 wt% iron oxide) were fabricated as previously described using RGD-modified alginate to ensure adequate retention of cells before initiation of triggered release. [34, 35] Prior to implantation, ferrogels were rehydrated with 50 µL of DMEM containing 4 × 10 5 GFP primary myoblasts, 3 µg IGF-1, and 3 µg VEGF. The scaffolds were placed subcutaneously on the tibialis anterior muscle 0, 6, or 10 d following induction of ischemia. Scaffold placement was expected to minimally impact the significant inflammation induced by the injury as it was performed without muscle tissue manipulation. Biphasic ferrogels were then stimulated for 2 min at 1 Hz every 24 h for 4 d to ensure more complete release of cells and growth factors from the scaffolds. Stimulation was carried out by approaching and retracting a stack of permanent magnets with a surface field of ≈6600 G (K&J Magnetics, D78). The magnet and ferrogel were oriented so that stimulation resulted in ferrogel compression against the injured muscle during application of the magnetic field (≈1700 G at the implant site). For future use in large animals and humans, it may be necessary to change the orientation of the magnet and ferrogel so that stimulation results in ferrogel compression against the skin. Due to the rapid decay of field strength with distance from the magnet source, a stronger magnet (e.g., magnetic resonance imaging (MRI) scanner) may also be needed.
Ischemia and Perfusion Analysis: Blood perfusion measurements of ischemic and normal limbs were performed on anesthetized animals (n = 5-6 per condition) using a Laser Doppler Perfusion Imaging analyzer (PeriScan PIM II, Perimed Instruments, Ardmore, PA). Entire hindlimbs were scanned at 2 d and every week following surgery. Perfusion was calculated as the ratio of ischemic to nonischemic limb perfusion for each animal.
Muscle Function Testing: Intact tibialis anterior muscles were dissected (n = 5-6 per condition) and mounted vertically midway between two cylindrical parallel steel wire electrodes (1.6 mm diameter and 21 mm long), attached by their tendons to microclips connected to a force transducer (FORT 25, WPII). The muscles were adjusted to a physiologically relevant length and bathed in a physiological saline solution in a chamber with continuously bubbled oxygen at 37 °C. A wave pulse was then initiated using a custom-written LabVIEW program and delivered to the stimulation electrodes via a purpose-built power amplifier (QSC USA 1310). Contractions were evoked every 5 min. Tetani was evoked at 250-300 Hz and 25-30 V with a constant pulse width of 2 ms and a train duration of 1 s. Peak tetanic force was determined as the difference between the maximum force during contraction and the baseline level. Forces were then normalized to muscle wet weight.
Histological Assessment of Skeletal Muscles and Ferrogel Scaffolds: Mice were sacrificed and hindlimb muscle tissues (n = 5-6 per condition) and ferrogel scaffolds were processed separately for histological analyses at 4 d post-treatment and 6 weeks postinjury. Briefly, tibialis anterior muscles were fixed in 10% neutral buffered formalin overnight, paraffin embedded, sectioned at 7 µm thickness, and stained with H&E at the Harvard Rodent Histopathology Core. Sections stained with H&E were used for quantification of the inflammatory infiltrate, defined as hematoxylin positive cells located in the interstitial space between muscle fibers. GFP donor cells and myofibers were identified with immunostaining for mouse GFP (Abcam ab6556; Invitrogen A-11035). Vascular endothelial cells were identified by immunostaining for mouse CD31 (Abcam ab28364; Invitrogen A-11035), and capillaries were defined as CD31 + round or oval structures adjacent to myofibers. Intramuscular collagen content was assessed in picrosirius red stained sections imaged with polarized light. Quantification of inflammation, collagen, CD31, and GFP immunostaining was performed using ImageJ.
Statistical Analyses: All statistical comparisons were performed using analysis of variance (ANOVA) with Bonferroni's posthoc test. INSTAT 3.1a software (GraphPad Software, San Diego, CA) was used for analysis. Differences between conditions were considered significant if p < 0.05.
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